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ABSTRACT

The contribution of this report is an analyss of the access patterns of the loads that are critical to the
performance of an out of order processor (henceforth called the Critical Loads). Our measurements reveal that
30%-40% (an in some cases, upto 98%) of the critical load ingtructions access the same memory location they
accessed the lagt time they were executed. Moreover, in more than 80% of the cases, the successive occurrences
of a critical load indruction in the dynamic indruction stream are atleast 512 indructions apart. On the bass of
above analyss we present a memory management technique to decrease the latency of critical loads and

speedup the overall performance of an out of order processor.

1. INTRODUCTION

There has been a tremendous improvement in the processor performance over the last couple of
decades. Today, most processors are capable of extremely high clock rates with complete out of order execution
resulting in high performance. But on the other hand, improvement in the main memory performance has not
kept pace with the processor performance. For example, processor performance has been increasing at almost
50% per year whereas memory access times have been improving at only 5-10% per year only [2]. As a result,
there is a wide gap between the memory and processor performances. A balance should be maintained between
the two, which unfortunately has not happened over the years. As a result, the memory access time due to a
cache missislikely to become a major bottleneck in the future.

Looking at the other face of the coin, as mentioned earlier, most modern processors are capable of out
of order execution. They can buffer the instructions that are waiting for their operands from memory. So, if an
instruction is waiting for its data from the main memory, then the processor can execute other independent
instructions and still achieve high performance. So, why bother to speed up the critical instructions?

On close examination, we see that although the processor can use dynamic scheduling and buffering to
execute other independent instructions, it is not always possible to find independent instructions to execute. This
will result in the processor to stall, thereby reducing performance. Secondly, athough the processor may employ
sophisticated branch prediction mechanisms and allows speculative execution to execute instructions out of
order, it must always commit the instructions in order. Thus, the finite resources of the processors may also
cause it to stall. For example, the reorder buffer and the load/store queues have a finite size, if they are filled up
waiting for an instruction at the head of the list, then the processor must stall. Thirdly, although most processors

employ sophisticated branch prediction schemes, it mispredicts many times too. If a critical load is feeding a



mispredicted branch, then it will cause the processor to go down the wrong execution path. This will have an
effect that although the processor is kept busy, no useful work is done.

Thus, it becomes important to identify such critical loads and provide mechanisms to speed up their
execution so that they don’'t have to wait too long for their operands from memory, thereby allowing instructions
that depend on them for their operands not to stall and improve processor performance.

We present a study of the access patterns of these critical loads (including a study of their spatial and
temporal locality). We also present a hardware scheme that could be employed to decrease the latency of these
critical loads. The study of the access patterns of these Critical Loads presents some interesting results, which
we discuss and utilize to propose the hardware schemes.

The report is organized as follows. In Section 2, we will discuss what we mean by Critical Loads and
how we can categorize loads as critical. In Section 3, we discuss the mechanism we have employed to identify
these critical loads. Section 4 discusses the implementation details. Section 5 illustrates the results and
observations. We interpret the results obtained and make some observations about the spatial and temporal
locality of the critical loads. In Section 6 we propose a hardware scheme based on the study of the access
patterns of these critical loads. In Section 7 we summarize our work done and point out some of the limitations

of our study and in Section 8, we conclude with amention of some of the future directions.

2. BACKGROUND

In the execution stream of instructions, there are certain instructions on which other instructions are
dependent for their data values. The data values from memory for these instructions should be fetched as
quickly as possible so that the instruction does not have to wait too long. These instructions are Critical and the

processor has a Low Latency Tolerance for them.

We categorize loads as Critical which fall in the following two categories[1]:
1 Theloads onwhich the branches, especially the ones which are mispredicted depend, and

2 Theloads onwhich alarge number of succeeding instructions depend.

Thus, al loads in an execution stream of a program can be categorized into the above two categories. If
abranch depends on the operand from the load instruction then it must be computed as soon as possible. Also, if

there are a large number of instructions that directly or indirectly depend on this load, then this load becomes



critical and needs to be completed quickly otherwise the processor might not be able to tolerate its latency and
stall. Hence, these loads becomes critical to the processor performance and it becomes very important to identify
these loads and service them as fast as possible. In the next section we describe the scheme that we use to

identify the critical loads.

3. IDENTIFICATION OF THE CRITICAL LOADS

For identifying the critical loads, we employ the following scheme, which we call the Critical Load
Identification Scheme (CLIS):

We maintain an instruction window of the last N executed instructions. Instructions enter the window
from one end and leave at the other end. Each entry in the Instruction Window contains the instruction and a
pointer to alist of pointers. Each node in the list of pointers points to the head of the Dependency List to which
it belongs. The head of each Dependency List contains aload instruction. A load can be identified to be critical
based on its dependency list.

We now describe the three important data structures that we maintain for the implementation of this

scheme:

3.1 Dependency List

The Dependency List is a list of instructions that are dependent on a load such that the instruction
appearing later in the list has a direct or indirect data dependence on the instruction appearing earlier in the list.
Since we are interested in instructions dependent on loads, each Dependency List has a load instruction at its

head.

Head » LDR1,0(R3) _
Direct Dependence
ADD R2,R2, R1
SUB R3,R3,R1 .
Indirect Dependence
MULT R4,R2, R3

Fig. 1.0 Dependency List



Thus, as shown in Fig. 1.0 the Add instruction has a direct data dependence on the load instruction

because one of its operand (R1) is dependent on the load instruction. Also, the Mult instruction hasindirect data

dependence through the Add instruction on the load instruction (through operand R2). Thus, the list contains all

instructions that are directly or indirectly dependent on the load instruction. A Dependency List is maintained

for all theload instructions.

Each entry in the dependency list contains the following information:
1 Thedependent instruction
2 If theinstruction was a branch, was it mispredicted

3 If theinstruction was aload, did it hit/missin the cache

£

The Program Counter (PC) of the instruction

5. The Dynamic Instruction Count (DIC) of the instruction

The Dynamic Ingruction Count (DIC) of an ingruction is the total number of ingructions executed before

that ingtruction. It isa unique value of any ingtruction.

Thus, a dependency list is created for each load instruction. An important point to note is that one particular

instruction can be in more than one dependency list because it can depend on more than one load instruction for

its source operand values.

3. 2 Thelnsruction Window

The Instruction Window containsthe last N instructions that were executed before a current instruction.

Each entry of the window corresponds to an instruction and also contains a pointer to alist of pointersto all the

List of Pointersto the Dependency

4 0 Lists
) «
Ingtruction 1
widow | A ]
3 ADD R1 R3
N
LW R3... LW R2...
ADD R1R3R2 ADD R1R3R2
v ¢ Current Instruction

Fig. 2.0Instruction Window
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Dependency Liststo which the instruction belongs.

3.3Register Table

We also maintain a Register Table, which has an entry corresponding to each of the architectural
registers in the processor and atag. This table is maintained to keep track of which last instruction last wrote to
aregister, thereby keeping track of the data dependencies of an instruction. Each entry of the table also contains

a tag, which is an index into the instruction window. If the tag is a valid entry, then it corresponds to the

Registers Rl | R2 [ R3 R,

Tag 3

?

Index in the Instruction window indicating the instruction that is going to write to this register

Fig. 3.0 Register Table
instruction that will write to that register.

For example, the tag in the Fig. 3.0 contains the value 3, which is used to index the instruction window
to find the instruction that will write to register R1. The corresponding entry in the instruction contains the Add
instruction that will write to register R1 and also a pointer to alist of pointers. Each node in the list points to the
dependency list to which thisinstruction belongs. This Add instruction belongs to two dependency lists because
both its operand depend on different load instructions for its value.

Now, whenever a new instruction enters the instruction window, it is processed according to the

following algorithm, presented in pseudo-code:

/I Let | betheingruction currently being executed

for each (source operand sof I)

{

tag = RT(9); /I RT isthe Regider Table

Il Tag referencesto theingruction that last wroteto s
if tagisinvalid
continue; /I that source operand does not depend on the load ingtruction
Il lWistheingruction window
for each (Dependency List DL such that IW(tag) belongsto DL) {
append | toDL;

}



For example, if another instruction now enters the instruction window, which has a source operand as
R1, first the tag will be used to index the instruction in the instruction window that will provide the value of R1.
This, current instruction is thus dependent on the Add instruction, so it will be added to all the dependency lists

of that instruction by going through the list of pointersto the dependency lists.

3.4Maturation of Dependency List

A dependency list is said to be mature when any of the following conditions is satisfied:

1 Thesize of the dependency list exceeds a certain threshold value

2 Thelast instruction in the list has moved out of the instructionwindow. In this case, we know that no more
instructions will be added to the list

3 The Dynamic Instruction Count of the current instruction minus the Dynamic Instruction Count of the load

at the head of thelist is greater than a certain threshold

The first case corresponds to the fact that alot of indructions are dependent on the load at the head of
the list and thus, the load must be critical. The second case states that if an instruction moves out of the
instruction window, it moves out of focus and we can always say that no more instructions will be added to the
list and thusthelist can be matured. The third case corresponds to the impact range of the load instruction that is
at the head of the dependency list since it is a count of the number of instructions executed between the two
instructionsin consideration.

Now, when a dependency list matures, it is sent to afunction that determines if the load at the head of
the list is critical or not. This function determines if the load at the head of thelist is critical or not based on the
following criteria:

1 If amispredicted branch occursin the dependency list, then theload iscritical
2 If the size of the list is greater than a certain threshold, implying that a lot of instructions are dependent on

that load, thenit isidentified to be acritical load

Thus, using the above scheme we identify all the Critical Loads in the dynamic execution stream of a

program. The next section gives some details for the implementation of the above scheme.



4. IMPLEMENTATION

For the access pattern analysis, the following information is required.
1 TheCritical Loads

2 DidtheLoad HitinL1?

3 Address of the Dataread by the Load.

4. Did the branch instruction dependent on this |oad get mispredicted?

For obtaining the above information, the functional simulators sm-cade and sm-bpred from the
SnpleScalar tool set were modified to make a functional simulator Sm-cbp that does the cache simulation as
well as branch prediction. The above information is tapped from the simulator and is passed on to other
functions, which maintain the Dependency Lists, Instruction Window and the mechanism to detect the Critical
Loads. The Spec95 benchmark suite was used as inputs to the modified functional simulator. The criticality
criterion is gplied to every dynamic occurrence of a load and the following information about every load is

output to atracefile.

1 Dynamic Instruction Count
2 PC (of thecritical load)
3 Memory Address (of the data accessed by the |oad)
4. L1/L2miss
This trace file is then used to gather the following information for each PC (i.e. the PC of a critical load
instruction)
1 Average Address Difference

2 Average Instruction Gap

4.1 Average Address Difference

The Address Difference for a load instruction is the difference in accessed addresses between the
current execution of this PC and its last execution. This difference averaged through the whole execution is
termed as Average Address Difference. This is the measure of spatial locality of the references made by the

same load instruction.



4.2 Average Ingtruction Gap

The Instruction Gap is the number if instructions executed between the current execution of this PC and
its last execution. This difference averaged through the whole execution is termed as Average Instruction Gap.

Thisisameasure of temporal locality of the loads (i.e. PC's not the temporal locality of the data addresses).

The above two parameters gave the access patterns of the Critical Loads. The next section presents the

results that we obtained and discussest he observations that we made from them.

5. RESULTSAND OBSERVATIONS

The simulations were run for two L1 cache configurations viz. 8KB 1-way and 8 KB 2way. In Fig 5.1
and Fig. 5.2 we present the graphs for the spatial locality for these caches. On the xaxis are the ranges of the

Average Address Differences. On the y-axis is the percentage of Critical Load instructions (PC’s) that had that

Average Address Difference.
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The graphs show that a significant fraction of the Critical Loads in all the benchmarks are accessing the
same memory location that they accessed earlier. Thisis particularly true of the floating-point benchmarks. We
call these Critical Loads as Category 1 Critical Loads and the loads with an Address Difference > 512 are
termed as Categoly 2 loads. The rest of the loads are being ignored for rest of the discussion because the loads
that fall in these two categories form the majority of the Critical Loads. There is no significant difference in the
percentage of Category 1 loads in the graphs for 1 way and 2 way caches. If the primary reason for these critical
loads missing in L1 cache had been conflict misses, there should have been an appreciable decrease in the
percentage of Category 1 Critical Loads. Since this is not the case, we conclude that any solution aimed at
decreasing conflict misses (e.g. higher associativity, victim caches, etc) will not have a significant impact on the

latency of critical loads.
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Since all the loads used for this graph had missed in L1 cache, it can be expected that these category 1
critical loads are not occurring very frequently (otherwise their data would not have been thrown out of the L1
cache). This is corroborated by the graphs in Fig. 5.3 and Fig. 5.4 for the temporal locality of the Category 1
Criticd Loads. On the xaxis is the Average Instruction Gap (AIG) and on the y-axis is the percentage of
Category 1 Critical Loads with their AIG in that range. It is evident that most of the Category 1 Critical Loads
(C1CL) appear again in the dynamic instruction stream at an interval > 512 instructions. Hence we conclude that

C1CL havelow temporal locality.

6. EXPLORING THE DESIGN SPACE

A high spatial locality exhibited by a significant fraction of the Critical Loads suggests that the memory
management schemes designed to keep the data last accessed by Category 1 Critical Loads (henceforth called
Critical Data), close to CPU, could help in decreasing C1CL latency. There are two alternate ways to achieve
this:

1 Pinthecritical datain the cache

2 Storethecritical datain aseparate buffer.

6.1 Pin theCritical Datain Cache

Advantages

> Doesn't require too many extratransistors to implement.

Disadvantages

> A policy of unpinning the pinned data is required. Aging is one alternative. Another alternative has
been suggested by Alvin Lebeck [5].

»  Since C1CL instructions do not repeat very often, the critical data might still get thrown away before it
isstill needed by acritical load.

» The critical data eats up L1 cache space and can lead to performance loss because of non-critical data

missing in L1 cache.
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6.2 Storethecritical datain a separate buffer
Advantages
»  This scheme does not adversely affect the non-critical data hit rate
> No overhead of maintaining acomplex aging scheme
Disadvantage
> Will require morereal estate on chip.

Some of the issuesinvolved in this scheme are:

6.2.1 Buffer Thrashing (Size of the buffer? Associativity?)

The size of the buffer must be comparable to the size of the critical data set accessed by the C1CL.
Because of its finite size and associativity, the buffer is prone to thrashing when the buffer size is too small to
hold the Active Critical Data Fig. 6.1 and Fig. 6.2 show the size of critica data set for some of the
benchmarks. For many benchmarks, the size is < 100 words (400 bytes). Therefore most applications whose

workload is represented by these benchmarks, are expected to have their active critical data set lessthan
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2KBytes. Since thisis quite a small buffer, it can be made highly associative without affecting the critical path

and this would decrease the probability of thrashing due to conflicts.
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6.2.2 Buffer Pollution

One would like to keep the data accessed by C1CL in the buffer but not the rest of the critical loadsi.e.
the buffer has to be prevented from being polluted by other loads. It is very hard to determine dynamically
whether a load belongs to category 1 or not. The category 1 loads can be identified statically (using traces) and
the loads in the executable can be tagged with this extra information. This information can be used to determine
whether to allow data accessed by this load to reside in the buffer or not. This technique will effectively tackle

the problem of buffer pollution.

7. SUMMARY

In this report, we presented an analysis of the access paterns of the loads that are critical to the
performance of an out of order processor. Our measurements reveal that 30%-40% (an in some cases, upto 98%)
of the critical load instructions access the same memory location they accessed the last time they were executed.
Moreover, in more than 80% of the cases, the successive occurrences of a critical load instruction in the
dynamic instruction stream are atleast 512 instructions apart. On the basis of above analysis, we presented a
memory management technique to decrease the latency of these critical loads and speedup the overal
performance of an out of order processor. This scheme utilizes a Buffer to keep the data accessed by a
significant fraction of the critical loads. Our measurements indicate that for most of the Spec95 benchmarks, the

size of the Buffer required is much smaller than the L1 cache.
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8. FUTURE WORK

A functional simulator was used in this project for identification of the critical loads. The use of a
detailed timing simulator like Sm-outorder can provide a more accurate identification of critical loads and more
data for further insights into the behavior of critical loads. Further work includes an implementation of the

memory management technique proposed in this report and measuring the performance gain.
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